The overall goal of this work is to develop a rapid, accurate and fully automated software tool to estimate patient-specific organ doses from computed tomography (CT) scans using a deterministic Boltzmann Transport Equation solver and automated CT segmentation algorithms. This work quantified the accuracy of organ dose estimates obtained by an automated segmentation algorithm. The investigated algorithm uses a combination of feature-based and atlas-based methods. A multiatlas approach was also investigated. We hypothesize that the autosegmentation algorithm is sufficiently accurate to provide organ dose estimates since random errors at the organ boundaries will average out when computing the total organ dose. To test this hypothesis, twenty head-neck CT scans were expertly segmented into nine regions. A leave-one-out validation study was performed, where every case was automatically segmented with each of the remaining cases used as the expert atlas, resulting in nineteen automated segmentations for each of the twenty datasets. The segmented regions were applied to gold-standard Monte Carlo dose maps to estimate mean and peak organ doses. The results demonstrated that the fully automated segmentation algorithm estimated the mean organ dose to within 10% of the expert segmentation for regions other than the spinal canal, with median error for each organ region below 2%. In the spinal canal region, the median error was 7% across all data sets and atlases, with a maximum error of 20%. The error in peak organ dose was below 10% for all regions, with a median error below 4% for all organ regions. The multiple-case atlas reduced the variation in the dose estimates and additional improvements may be possible with more robust multi-atlas approaches. Overall, the results support potential feasibility of an automated segmentation algorithm to provide accurate organ dose estimates.
INTRODUCTION
Radiation dose due to CT scans is a growing public health concern. Several states have mandated the reporting of CT radiation dose. However, the reported dose metrics of Computed Tomography Dose Index (CTDI) and Dose-Length Product (DLP) represent the dose to a plastic cylinder, not the dose to the organs of the specific patient [1] . The gold standard method for estimating organ dose first assigns a material to each voxel in the CT image set based on the CT number, followed by Monte Carlo simulations to generate maps of the 3D dose distribution. Segmentation of the CT images into organ regions is also required to estimate organ dose from the dose maps.
Routine estimation of patient-specific and scan-specific organ dose may provide more meaningful data for dose reporting and would facilitate large organ-dose databases for protocol optimization and epidemiological studies of CT risk. However, routine organ dose estimation is challenged by the extensive computation required for accurate Monte Carlo simulation and the manual input required for organ segmentation. To test the feasibility of the autosegmentation algorithm for organ dose estimation, 20 head-neck CT scans were expertly segmented into nine regions: bone, brain, eyes (left and right), lungs (left and right), parotid glands (left and right), and spinal canal. While these regions were originally segmented for treatment planning, they provide a useful test case for CT organ-dose estimation.
The CT datasets were first automatically classified as either air, lung, adipose, water, soft-tissue, muscle or bone and assigned densities based on HU value. The thresholds and density ranges were based on previously published values [4] . The tissue maps were input to a Monte Carlo simulation tool (GEANT4 [5] ) for dose estimation, as Monte Carlo methods are considered the gold standard for dose estimation. Parallel efforts are underway to validate the BTE solver dose estimates [2] . The simulations modeled a clinical CT scanner with 8-cm detector thickness, 120 kV, and a helical pitch of one. The simulations modeled 5*10 6 photons per view, which was empirically determined to provide dose estimates with less than 1% standard deviation. The simulations output a dose map at the same voxel sampling as the original CT datasets, representing the radiation dose deposited in each voxel.
A leave-one-out validation study was performed, where every case was automatically segmented with each of the remaining cases used as the expert atlas, resulting in nineteen automated segmentations for each of the twenty datasets. Each contoured region was further constrained by the CT-number tissue segmentation, so that a voxel was only included in the organ region if its CT number was within the range of the expected tissue type. The mean dose was calculated in each segmented region. The peak dose for each organ was estimated as the 95 th percentile of dose values within the segmented organ region. The mean and peak dose in the expert-segmented datasets served as the ground-truth for each case, with the expert segmentations also constrained by the CT-number tissue segmentation. The 3D Dice coefficients [6] between the automated and expert segmentations were calculated to evaluate the similarity between the expert and automated segmented regions.
The potential of a multi-atlas segmentation approach to reduce the error and variability of organ dose estimates was also investigated, with ten expertly-segmented datasets serving as the atlas. The multiatlas mean organ dose estimates were calculated as the mean of the dose values obtained from each atlas. Figure 2 displays example CT images overlaid with the expert contours and the contours resulting from the automated segmentation algorithm. A sagittal slice through an example 3D dose map is also presented in Figure 2 .
RESULTS
The mean and peak doses for the single-atlas segmentation are plotted in Figures 3 and 4 , respectively. The relative errors were less than 1% for the body, lung, and eye lens regions, which were automatically segmented using a feature-based approach. The results demonstrated that the fully automated segmentation algorithm estimated the mean organ dose to within 10% of the expert segmentation for regions other than the spinal canal, with median error for each organ region below Figure 5 presents the relative error in mean organ dose resulting from multi-atlas approach using ten atlases. When comparing Figure 3 to Figure 5 , it can be seen that the simple multi-atlas approach investigated in this study reduced the maximum error in the organ dose estimates but did not affect the median error. DISCUSSION This pilot study presents a preliminary evaluation of a commercial automated segmentation algorithm for CT organ dose estimation. When the SmartSegmentation® algorithm is used commercially for radiation therapy treatment planning, the atlas case is selected from a library of atlas cases by matching the weight, gender, and other relevant characteristics of the patient. In the current study, all available atlases were applied to all patient cases without consideration of the patient characteristics. It is expected that selecting the best-match atlas case based on patient characteristics would further improve segmentation accuracy and could potentially improve organ dose accuracy.
This pilot study evaluated the algorithm with head/neck cases. Additional evaluation is required for other CT scan regions that may be more challenging, such as the abdomen. This study demonstrated reduction in maximum error when using a simple multi-atlas averaging technique. More robust multi-atlas approaches have been proposed and may be beneficial for this application [7] .
CONCLUSIONS
The results demonstrated that the fully automated segmentation algorithm estimated the mean and peak CT organ dose to within 10% of the expert segmentation for head/neck CT scans for all regions except the spinal canal, for which the maximum error was 20%. The median error across patients and atlases was 7% for the spinal canal and less than 2% for other regions. A simple multi-atlas approach reduced the error in the dose estimates to less than 13% for all regions. Future work is planned to investigate more robust multi-atlas algorithms and additional anatomical regions. Overall, the results support potential feasibility of an automated segmentation algorithm to provide accurate organ doses. When combined with the BTE solver, this tool will enable rapid, patientspecific organ dose estimation.
